This paper presents a new adaptive flight control system using the backstepping method for a future space transportation system. A space transportation system using the backstepping method can be constructed with an expansion of a control system using feedback linearization with time-scale separation. It is difficult to obtain prior knowledge in detail, such as that regarding the aerodynamic forces and moments, and wind disturbances. Furthermore, the necessity of the derivative of pseudo-input is considered an issue in control systems using the backstepping method. Therefore, in this study, making use of a disturbance observer, we propose a method which can estimate dynamic properties of a vehicle and the derivative used as pseudo-input. Moreover, we attempt to guarantee the stability of the entire system, including the estimation mechanism, controller, and vehicle dynamics. We conducted numerical simulations to verify the effectiveness and robustness of the proposed system.
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Introduction
This paper presents an adaptive control system using the backstepping method for a future space transportation system. A backstepping controller [1] [2] [3] can be constructed as an expansion of a control system using feedback linearization combined with time-scale separation. Controllers using feedback linearization combined with time-scale separation have been widely studied [4] [5] [6] [7] [8] [9] [10] . The merits of such control systems compared to systems using conventional gain scheduling control are the following two points. Firstly, detailed prior knowledge about the flight environment is not required. Secondly, it is desirable that much effort and analysis to construct mathematical models in the design point are not required. Furthermore, this method can accommodate nonlinear vehicle dynamics. Thus, application of this method to vehicles with a wide flight envelope, such as space transportation vehicles, has been considered. However, in this method, interference between translational and rotational motions is not considered; therefore, it is difficult to guarantee the stability of the entire system 10) .
Therefore, in the present study, we propose a flight control system that can guarantee the stability of the entire system by using the backstepping method while retaining the abovementioned merits of using feedback linearization combined with time-scale separation. The proposed control system using the backstepping method suppresses the interference effect and guarantees the stability of the entire Pd_86 system by means of the Lyapunov's stability theorem.
However, in general, the backstepping method is restricted to nonlinear systems in lower-triangular form and requires analytic computation to obtain the time derivative of the pseudo-input. Furthermore, it is difficult to obtain detailed prior knowledge about aerodynamic forces and moments, and wind disturbance.
To overcome these drawbacks, we propose a system which can estimate such unknown and uncertain aerodynamic forces and moments, and the derivatives of the pseudo-input by the use of a disturbance observer. A disturbance observer is part of a non-parametric estimation method that avoids directly estimating dynamics parameters by rearranging all unknown quantities as a single unknown vector. Therefore, the system is simple and is effective in converging the estimation errors while maintaining a low computational load. Some previously described applications of the disturbance observer include those to the motion control of robotic arms 11, 12) and a reusable launch vehicle 13) .
However, the abovementioned studies discuss the stability of the control system and the estimation mechanism separately, and cannot guarantee the stability of the entire system. The critical issue in such a system is that the separation principle on control and observation does not hold, in contrast to the designs of linear time-independent (LTI) systems.
To address this problem, Song et al. have proposed a system that guarantees the stability of the entire system, including the estimation mechanism, using a disturbance observer 14) . Their method assumes that unknown quantities to be estimated are bounded and guarantees stability by using the upper bounds of the unknown quantities, which can be adjusted online.
However, because the method requires the assumption that unknown quantities to be estimated are bounded, additional terms in the control law and adjustment law are required for the upper bounds of these quantities. Thus, the control law becomes complicated and tends to generate excessive input.
Therefore, in this study, we propose a system to guarantee the stability of the entire system, including the estimation mechanism, by redesign of the disturbance observer. Furthermore, by means of the use of the disturbance observer, only the nominal values of control derivatives and moments of inertia need be given and prior knowledge on other aerodynamic forces and moments are treated as unknown values. Therefore, the proposed control system can adapt to changes in the flight environment. Numerical simulations are performed to verify the effectiveness and robustness of the proposed system.
Vehicle Dynamics
The following state equation can be introduced by the equation of translational motion of the vehicle. Fig. 1 shows the definitions of the variables of the vehicle dynamics. 1 1
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The lift and side force coefficients are considered to be functions only of the angle of attack and sideslip angle, respectively. The equation for the rotational motion of the vehicle is given as Eq. (2). The aerodynamic moment coefficients l C , M C , and N C are considered as functions ( , , , , , )
based on the coupling between the rolling and yawing motions. Furthermore, linear approximations were used in terms of the aileron, elevator, and rudder deflections in order to handle the equations as an affine system. Therefore, for example, the
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The control system is designed according to Eq. (3), which combines Eqs. (1) and (2).
The first equation in Eq. the state variable 2
x . The second equation includes the nonlinear term 2 1 2 ( , ) f x x , which is a function of the state variables x 1 and x 2 and terms linear in control input u . This nonlinear system is in lower-triangular form 1, 3) .
However, by considering the uncertainties that are discussed in the next section, this state equation is transformed into one in non-lower-triangular form.
Backstepping Method
This section discusses the design of the flight control system using the backstepping method with a disturbance observer. First, the characteristics of the vehicle dynamics with variations and uncertainties is discussed in section 3.1, then the control law in the backstepping method and the redesign of the disturbance observer are discussed in sections 3.2 and 3.3, respectively, and finally the stability of the entire system is discussed in section 3.4. The merits of adding a disturbance observer is outlined in the following points a-e).
a) The nonlinear vector functions 1 1 ( ) f x and 2 1 2 ( , ) f x x in Eq. Only the nominal values of control derivatives and moments of inertia are necessary, which is stated as b). For c,d), by including the wind disturbance and time derivatives of the pseudo-input in the estimation values, a control law is designed to cancel out the effects of estimating values. For e), the conventional backstepping method is only applicable to a system in lower-triangular form, which differs from that for the proposed method. Thus, the proposed system can accommodate disturbances and avoid complex analytic computation.
Variations in vehicle dynamics
The control system is designed according to the following system, where disturbance vectors 1 
Here, nonlinear vector functions 1 1 ( ) f x and 2 1 2 ( , ) f x x and nonlinear matrix functions ( ) G x are considered to have uncertainty that can be expressed as follows. Here, the subscript n represents the nominal value, and  in the second term indicates uncertainty. 
Eq. (4) can be rewritten using Eq. (5) as
The first terms on the right-hand sides of Eq. (6) are combined as unknown vector functions 7),
The state errors, the deviations of state variables from the reference values, are defined as follows.
Here, the reference state 2c
x is treated as the pseudo-input, which is function of state x 1 . The derivatives of both sides of the state error equations (Eq. (8)) are taken to obtain the following error dynamics. The right-hand side of the first equation was modified to explicitly show the interference term
in Eqs. (1) and (2).
The first two terms on the right-hand side of each equation in Eq. (9) are combined and treated as unknown vectors to be estimated: 1 This error dynamics is expressed in non-lower-triangular form.
Control law
Feedback linearization is used as a part of the control law for pseudo-input 2c
x and control input ( ) t u in Eq. (11). Here, 1 ( ) t z and 2 ( ) t z are the estimated values of ( , , ) z x x d and 2 1 2 2 ( , , ) z x x d , which are assumed to be functions of time.
Here, v 1 (t) and v 2 
The first term on the right-hand side of Eq. (13) is added to cancel out the interference term between state equations. In ref. 13) , the stability of the flight control systems using the disturbance observer was based on the assumption that estimation of the disturbance observer is perfectly carried out, namely,
Hence, the stability of the system and convergence of the estimation error could not be ensured simultaneously.
Therefore, the next section of this study discusses a new method to design a disturbance observer that guarantees the stability of the entire system.
Disturbance observer
This section discusses the disturbance observer that generates the estimated values 1 ( ) t z and 2 ( ) t z of unknown vectors 1 1 2 2 ( , , ) z x x d and 2 1 2 2 ( , , ) z x x d . The estimation error vectors 1 ( ) d t e and 2 ( ) d t e are defined as follows.
In general, the disturbance observer is designed as the following first-order delay transfer function from the unknown vectors ( 1,2) i i  z to the estimated vectors ˆ( 1, 2) i i  z 11, 12, 14) . The mathematical representation in the complex domain is the following model 11, 12, 14) :
This model can be rewritten in the time domain as a feedback expression of the estimation errors 1 ( ) d t e and 2 ( ) d t e : 
Eq. (16) implies that the time derivative in the unknown vectors, 1 1 2 1 ( , , ) z x x d  and 2 1 2 2 ( , , ) z x x d  , are small compared to the response speed of the observer, and thus can be treated as zero vectors 11, 12) .
In this study, we propose adding a feedback term for state errors 1 ( ) t e and 2 ( ) t e , appearing as the far right terms of Eq. (16), to update the estimation values and ensure stability. Eqs. (9) and (24) can be shown in block diagram form as Fig.  2 . A disturbance observer is configured without any derivatives.
Stability analysis
The stability of the entire system is evaluated using the Lyapunov's stability theorem. A quadratic form of the state errors 1 ( ) t e and 2 ( ) t e and the estimation errors 1 ( ) d t e and 2 ( ) d t e is the candidate Lyapunov function V.
. The control results for the proposed method indicate a control performance similar to the control results without estimation, although the proposed method involves little prior knowledge in comparison with the backstepping method without estimation. Especially, the results shown Fig. 5 indicate that there is little convergence delay using the proposed method.
Figs. 7 to 9 are the time histories of the state variable
. The response of x 2 for the two methods match each other better than the response of 1
x . As discussed at the beginning of this section, the proposed method using the disturbance observer designs the control system according to the preconditions a-e), and has theoretically guaranteed stability against variations in vehicle dynamics and disturbances. 
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Simulation results 2
Next, in order to verify the robustness of the proposed control system, the uncertainties in the aerodynamic forces and moments were added to the numerical simulation. 
. Persistent errors appear in the time histories of the angle of attack and sideslip angle for the backstepping method without estimation ( Figs. 11 and 12 ). On the other hand, the solid lines (proposed method) converge quickly to the reference values. Especially, under the effect of the uncertainties about lift coefficient L C and side force coefficient Y C , the control performance deteriorates without the disturbance observer.
5．Conclusions
We demonstrated an adaptive control system using the backstepping method for a future space transportation system. The new flight control system uses the backstepping method with a disturbance observer, drastically reducing the amount of prior knowledge necessary for the design of the control system. Especially, the proposed system requires significantly less information on the aerodynamic forces and moments for the design of the control system, and the stability of the entire system is guaranteed even when there are uncertainties. Numerical simulations demonstrated that the proposed system has good control performance and robustness against unexpected variations in the aerodynamic forces and moments. 
